Field observations on food tolerance have repeatedly shown that when fed an identical diet, large breed (>25 kg) dogs present softer and moister faeces than small breed ones (<15 kg). The purpose of this review is to highlight the findings of four PhD theses, carried out between 1998 and 2013, whose objectives were to investigate the anatomical and physiological peculiarities that would explain, at least in part, this observation, as well as their nutritional implication. This work showed that large breed dogs, in contrast with smaller breeds, present a highly developed caecum and colon, which could explain the relatively longer colonic transit time. A prolonged colonic transit time could explain higher colonic fermentative activity, as supported by higher faecal concentrations of fermentative by-products. This effect would be reinforced by increased intestinal permeability and reduced sodium net-absorption. Taken together, these elements could be a possible cause of higher digestive sensitivity in large breed dogs. When prescribing a diet to a small or large breed dog, several aspects of the formulation must be taken into account. For a large breed dog, the general goal is to limit any ingredient that could increase the level of fermentable undigested residues and, in fine, exacerbate colonic fermentation. Highly digestible sources of proteins and starches are therefore strongly recommended to maintain an optimal digestive tolerance. Fermentable fibre sources (i.e. beet pulp and FOS) must also be used in limited quantity in their diet. Conversely, the incorporation of non-fermentable fibre (i.e. cellulose) appears useful to increase their stool quality. For a small breed dog, the general objective is to minimize any ingredient that could excessively limit colonic fermentation and induce in fine constipation. Purified starches and cellulose are therefore not really suitable for them. In contrast, cereals flours as well as non-fermentable fibre provided by cereals are recommended.
Introduction
The canine species, which includes approximately 350 breeds, is characterized by extreme variability in weight and size, with weight ranging from 1 kg for a Chihuahua to 100 kg for a St Bernard (Grandjean and Haymann, 2010) . If morphologic differences are obvious, canine breeds also present physiological differences that may influence their digestion process. Different authors (Zentek and Meyer, 1995; Meyer et al., 1999) have pointed out the fact that fed the same diet, large breed dogs (LB-dogs; >25 kg) present an increased frequency of soft faeces than small breed ones (SB-dogs; <15 kg).
Between 1998 and 2013, four PhD candidates from the National Veterinary School of Nantes investigated the anatomical and physiologic peculiarities of SB and LB-dogs that could explain those observations (part 1), as well as the dietary strategies to minimize their consequences on digestive tolerance (part 2).
Part 1 -Influence of body size on dog digestive functions
Four breeds of six healthy adult female dogs were used in this work. SB-dogs were represented by Miniature Poodles (MP) (5 kg adult BW) and Standard Schnauzers (SS) (12 kg) whereas Giant Schnauzers (GS) (35 kg) and Great Danes (GD) (60 kg) represented LB-dogs. All those dogs were fed the same dry expanded diet (Weber et al., 2003a) .
Results obtained confirmed the predisposition of LB-dogs to poorer faecal consistency and higher faecal water content than SB-dogs. A strong positive correlation was observed between moisture content and the dogs' weight (r = 0.89; p < 0.0001) (Weber et al., 2002a) .
Different hypotheses can be proposed to explain a poor digestive tolerance. Most of them were explored to investigate the high digestive sensitivity observed in LB-dogs.
An apparent paradox concerning digestibility performances in large breed-dogs
Considering the lower relative mass of gastrointestinal tract of large dogs (2.8% of BW) compared with that of small dogs (7% of BW) (Meyer et al., 1993 ), the first hypothesis tested was that LB-dogs had a lower digestive efficiency. Poor digestion of food leads to an accumulation of osmotically active undigested particles in the colon. This, in turn, will affect the fluxes of fluids, the microflora as well as faecal quality (Guilford and Strombeck, 1996) .
The global digestive capacity of SB and LB-dogs was evaluated by measuring total apparent digestibility of the dry diet tested (Weber et al., 2003a) . Their intestinal absorption capacity was assessed by measuring the urinary excretion of two sugars (D-xylose and 3-Omethyl-D-glucose) actively absorbed by the small intestine (Weber et al., 2002a) . Contrary with our hypothesis, results showed that digestibility of dry matter (DM), organic matter, crude protein and gross energy was higher for LB-dogs than for SB-dogs. Furthermore, the ratio of urinary xylose to 3-O-methyl-Dglucose was similar in all four breeds, suggesting that transport of these sugars was comparable among SB and LB-dogs. Those results suggest thus that lower faecal quality observed in healthy LB-dogs does not appear to be related to lower nutrient utilization. Another study compared nutrient apparent digestibility in 49 dogs of 10 breeds ranging from 4.2 to 52.5 kg BW: only small differences were found and no relationship with body size was observed either (Meyer et al., 1999) .
Similar kinetics for upper gastrointestinal transit whatever the size
Many studies have reported a strong relationship between reduced gastrointestinal transit time and poor faecal consistency in human and dogs (Jian et al., 1984; Guilford and Strombeck, 1996; Rolfe et al., 2002a) . Therefore, differences in gastrointestinal transit time could exist between SB and LB-dogs. By decreasing time for digestion and absorption, a short gastric emptying time and/or small intestinal transit time could potentially increase the flux of fluids and nutrients entering the colon, which could affect colonic function and consequently faecal moisture and appearance.
Half gastric emptying time (GET 50), predictive total gastric emptying time (pTGET), small intestinal transit time (SITT) and oro-cecal transit time (OCTT) of food were evaluated in SB and LB-dogs by using radiopaque markers mixed with food (Weber et al., 2002b) .
Mean GET 50 varied between 6.4 and 7.8 h and no significant difference was observed between GD, GS, SS and MP. These results were in the range of previously reported values for healthy adult dogs fed a canned (6.5 AE 3.2 and 6.9 AE 1.3 h) (Allan et al., 1996; Lester et al., 1999) or a dry (7.5 AE 0.7 h) diet (Nelson et al., 1995) .
The mean pTGET was not significantly different among the four breeds and ranged from 16.6 to 19.8 h in all dogs. Mean values for pTGET were in agreement with previous data (>16 h) in healthy adult dogs (Allan et al., 1996; Lester et al., 1999) . The lack of strong relationship between dogs' weight or size and gastric emptying parameters was also confirmed by other studies (Allan et al., 1996; McLellan et al., 2004; Yam et al., 2004) .
The effect of body size and BW on SITT and OCTT was not significant. Mean OCTT values found in all dogs (2.5 AE 0.2 h, n = 24) were similar to those measured in Beagles by breath hydrogen test (2.4 AE 0.5 h) (Mizuta et al., 1989) .
The lack of effect of body size on OCTT measured by radiopaque markers was confirmed by the use of the sulphalazine/sulphapyridine method (Weber et al., 2003b) . The results showed a lack of relationship in healthy dogs between upper gastrointestinal transit time and faecal variables.
Longer colonic transit time in large breed-dogs
The efficiency of minerals and water absorption is dependent, to a large extent, on colonic motility (Rolfe, 1999) . A short colonic transit time may affect faecal quality by decreasing time for fluid and mineral absorption (Guilford and Strombeck, 1996) . A reduction in large intestinal transit time (LITT) has already been reported in non-healthy dogs with loose and watery faeces, inducing a decreased capacity for electrolyte and water absorption (Rolfe et al., 2002b) .
However, total transit time (TTT) determined by plastic pellets in SB and LB-dogs showed a positive correlation with body size (Hernot et al., 2005b (Hernot et al., , 2006 . LITT was significantly longer in LB-dogs with times varying from 9.1 AE 1.1 h in MP to 39.4 AE 1.6 h for GS. Mean LITT accounted 39% of mean TTT for SB-dogs and 70% for LB-dogs.
These results suggest that time for water absorption in the large intestine is not the limiting factor behind the looser faecal consistency in LB-dogs. Their prolonged LITT could however result in higher fermentative activity, affecting the stool quality.
More colonic fermentation in large breed-dogs
Longer transit time in the large intestine promotes fermentation (Macfarlane and Macfarlane, 2003) which, in turn, can negatively affect faecal quality (Lewis et al., 1994; Zentek, 1996; Diez et al., 1998) .
To check whether fermentative activity is higher in LB-dogs than in SB-dogs, their colonic activity was indirectly assessed by quantifying fermentative byproducts in their stools (Weber et al., 2004) and by measuring the total dietary fibre apparent digestibility (Weber et al., 2003a) .
Lactic acid and total short-chain fatty acid (SCFA) concentrations were significantly higher in LB-dogs, suggesting higher colonic fermentative activity. Their higher apparent digestibility of total dietary fibre (53.1 AE 2.9% for GS and 52.5 AE 4.1% for GD) compared with SB-dogs (38.7 AE 7.4% for MP) seemed to confirm this statement. The large quantity of organic acids produced could thus exceed the absorption capacity of the colonic mucosa, thereby leading to their accumulation in the lumen. These compounds, with their high osmotic power, would then lead to high water secretion in the colon and softer faeces (MacFarlane and Cummings, 1991; Guilford and Strombeck, 1996) .
Increased fermentation of undigested carbohydrates and proteins in LB-dogs could also explain their high apparent digestibility of nutrients (Silvio et al., 2000) .
Disproportional colorectum size compared to body weight
The effect of body weight and size on dimensions of the canine large intestine has never been reported in the literature. Barium radiographs performed in SB and LB-dogs have however revealed differences in length, surface, and volume of the colorectum (Table 1) (Hernot, 2005a) . When GD were compared with MP, the respective surface and volume of the colorectum were respectively 8 and 23 times higher in GD. A larger colon could explain in part the longer LITT observed in LB-dogs.
Higher intestinal and colonic permeability in large breed-dogs
Intestinal permeability is the property of the epithelium to allow some molecules to be absorbed passively through the mucosa, without the assistance of a passive or active biochemical carrier system (Bjarnason et al., 1995) . A relationship between increased intestinal permeability and diarrhoea has been reported in humans (Cooper et al., 1987; Lim et al., 1993; Guilford and Strombeck, 1996) . Increased permeability could cause backflow of absorbed electrolytes into the lumen and induce luminal retention of electrolytes and water (Guilford and Strombeck, 1996; Gamet, 1999) . The latter would increase faecal water excretion.
To assess this hypothesis, permeability of the small and large intestine was evaluated in SB and LB-dogs using a differential sugar permeability test with lactulose, rhamnose and sucralose (Weber et al., 2002a; Hernot et al., 2009 ). LB-dogs showed a significantly higher intestinal and colonic permeability than SB-dogs.
The difference in intestinal and colonic permeability observed in LB-dogs could potentially be explained by size-related differences in intestinal surface area, pore size, frequency of tight junctions, differences in the tightness of tight junctions or accessibility of luminal content to intestinal crypts (Bjarnason et al., 1995; Hollander, 1999) .
Low electrolyte absorption in large breed dogs
Water absorption by the intestinal mucosa occurs passively on the basis of a concentration gradient created by electrolyte absorption, more specifically sodium (McKie et al., 1991; Pedley and Naftalin, 1993) .
Any change in the intestinal electrolyte absorption may therefore have a direct incidence on fluid reabsorption. Highly positive correlations have been found between faecal moisture and faecal electrolyte concentrations (Zentek and Meyer, 1995; Meyer et al., 1999) . A reduction of net colonic absorption of sodium has also been found in different breeds (Beagle, Labrador Retriever, Springer Spaniel, M€ unsterl€ ander) with soft stools, compared to healthy dogs with stools of normal appearance (Rolfe et al., 2002b) .
To check whether electrolyte absorption differs with body size, the net-absorption rates of sodium and potassium was indirectly evaluated in SB and LB-dogs by determining their apparent digestibility and their faecal excretion (Weber et al., 2004) . LB-dogs presented lower sodium and potassium apparent digestibilities as well as higher faecal concentrations, suggesting a lower overall absorption of those minerals. This could be linked to their increased intestinal and colonic permeability and could contribute to their poor digestive tolerance. The second part of this review focuses on how macronutrients (protein, starch and fibre) can influence digestive tolerance in large and small dogs.
Both protein sources and content influence faecal quality
Proteins constitute a large proportion of carnivorous diets and their ileal digestibility can vary widely depending on sources and processes (Alonso et al., 2000; Zentek et al., 2004) . Undigested proteins arriving in the colon will promote putrefaction, negative bacterial species (Clostridia, E. coli, etc.) and fermentation products (ammonia, branched-chain fatty acids (BCFA), indoles, phenols. . .) that can have deleterious effect on the gut mucosa and affect faecal quality (MacFarlane and Cummings, 1991; Hughes et al., 2000) . Nery et al. (2010 and 2012) studied the effect of protein sources and contents on nutrient digestibility and faecal characteristics in dogs differing in size and digestive sensitivity. Four dry-extruded, nutritionally complete diets, varying in protein sources [Poultry meal (PM) and wheat gluten (WG)] and concentrations were studied in SB and LB-dogs. PM is the most common protein source used in dog food while WG is one of the most digestible (Wiernusz et al., 1995) . Two protein levels were tested: low [LP], 
BW, body weight; HS, height at the shoulder. Measurements on the colorectal part of the large intestine were obtained through barium radiographs. Fig. 1 Main hypotheses to explain the production of loose stools in LB-dogs.
(i) A decreased overall electrolyte absorption can be partly due to a greater permeability, both in the small and large intestine.
(ii) A greater fermentative activity can be partly due a higher relative surface area and volume of the large intestine and a longer colonic transit time. Fermentation could have an indirect impact on electrolyte absorption as it would increase intra-luminal osmotic pressure, leading to increased water, Na and K secretion into the colon (Weber et al., 2004 Influence of protein source on digestive tolerance WG-based diets induced better faecal consistency and lower faecal moisture than PM-based diets in all animals, irrespective of size. DM Digestibility was also greater for WG (86.6 AE 0.3%) than for PM (84.0 AE 0.3%) diets, considering all groups of dogs. Compared with PM diets, the WG diets resulted in lower faecal concentrations of protein fermentation products: ammonia, BCFA, valerate, indole, and C2 to C4 SCFA. This beneficial effect of WG is likely due to the reduced quantity of undigested proteins entering the colon. The relationship between highly digestible protein and improved faecal quality has previously been reported (Wiernusz et al., 1995) . Proteins such as WG with their high ileal digestibility could help to maximize faecal quality and colonic health, especially in large and sensitive breeds.
Protein level in the diet influences faecal quality
Protein level also affects faecal consistency and moisture. The PM-HP diet resulted in the greatest faecal moisture, regardless of size. Conversely, the LP diets improved faecal quality in all dogs, and significantly decreased faecal concentrations of ammonia, BCFA and valerate.
Protein intake can affect the amount of substrate available for colonic fermentation, and consequently lead to a lower faecal consistency. Overall, it is therefore relevant to consider not only protein quality, but also protein quantity to improve faecal quality.
In summary, if the aim is to decrease fermentation in the hindgut and improve faecal quality, the source as well as the amount of dietary proteins used in the formula have to be taken into account.
Starch digestibility and starch sources: important parameters to be considered
In extruded canine diets, starch represents 20-50% of the formula. It is one of the main sources of energy and is necessary to obtain the specific honeycomb structure of kibbles. However, structure, source and form of starches are variable and these can affect starch digestion as well as stool quality (Murray et al., 1999; Carciofi et al., 2008) .
Resistant starch (RS) has been defined as 'the sum of starch and starch degradation products not absorbed in the small intestine of healthy individuals' (Champ et al., 2003) . RS can also result from configurational changes during the processing or cooling of cooked starch (retrogradation) (Champ et al., 2003) . From a physiological point of view, RS is the quantity of starch that escapes the digestion and reaches the colon.
Small dogs are poor models for assessing the effect of RS Few studies have addressed the effects of RS on the canine colonic ecosystem and faecal quality. In one such study, a commercial maintenance diet was supplemented with increasing amounts of RS (varying from 0.56% to 6.86%) and given to SB-dogs (Miniature Schnauzers (MS) and MP) and LB-dogs [German shepherds (GSh) and GS] (Goudez et al., 2011a) .
Faecal quality was minimally affected in SB-dogs at all levels of RS supplementation. In contrast, LB-dogs were quite responsive to RS supplementation. The proportion of unacceptable stools was twofold greater in GSh when fed the lowest level of RS (0.56%) compared with the maintenance diet. These results strongly suggest that low indigestible starch is an important factor for ensuring optimal stools in sensitive dogs.
Starch origin and starch form both influence digestive tolerance
Many studies have compared starches from various sources to evaluate their impact on faecal quality, digestibility and their effect on colonic fermentations. However, most of those studies compared sources of starches without considering form (whole, broken or ground grains) (Twomey et al., 2003; Carciofi et al., 2008; Fortes et al., 2010) . Goudez et al. (2011b Goudez et al. ( , 2012a evaluated the influence of starch forms (purified [Pu] vs. flours [Fl] starches) and sources (maize vs. rice vs. wheat) on the nutrient digestibility, faecal characteristics and fermentation activity in SB-dogs (MS) and LB-dogs (GSh). Six dry-extruded complete and balanced diets were tested. They only differed in the starch source and form. Protein content was adjusted with corn gluten when needed.
Starch sources only affect faecal quality of LB-dogs
In SB-dogs, no effect of starch source was observed on faecal quality whatever the starch form used.
In contrast, an effect of starch source was observed in LB-dogs, but only when fed flour-based diets. Maize-Fl and Rice-Fl induced better faecal consistency, higher % of optimal stools as well as lower concentrations of fermentative by-products than Wheat-Fl.
Several studies have reported an increase in the solubility of wheat flour fibre after extrusion (Siljestrom et al., 1986; Wang and Klopfenstein, 1993; Gajula et al., 2008) . Those changes in the soluble fibre profile could increase colonic fermentation and explain the softer/moister stools observed in LB-dogs. The lower level of colonic fermentation in SB-dogs could explain their better tolerance to wheat-fl.
Purified starch diets increase stool consistency in dogs
Whatever their source, Pu-starch diets resulted in greater frequency of hard and dry stools in SB-dogs whereas they led to optimal stools in LB-dogs. The process leading to Pu-starch results in starch particles of a smaller size compared to those obtained with classical grinding for Fl. This in turn leads to higher cooking efficiency (Tester, 1997) and digestibility (Holm et al., 1988) as well as to lower colonic fermentation and, in fine, to harder and drier stools than obtained with flour diets.
In summary, fermentative activity and faecal quality do vary with starch sources and forms. When using flours in LB-dog, the source may lead to large variations in stool quality. Maize and rice appear to give the best digestive tolerance, whereas wheat should be used in moderate amounts, preferentially mixed with maize and/or rice in diets dedicated for dogs prone to soft stools.
Pu-starch could be interesting in LB-dogs. Its use is, however, not recommended in animals predisposed to hard and dry faeces, especially in SB-dogs where Pu-starch could promote constipation.
Fibre balance influences faecal quality
Dietary fibre represents a very heterogeneous family of carbohydrates from vegetal origin. It resists digestion in the stomach and small intestine. In the large intestine, it is quickly (fermentable fibre) or poorly (non-fermentable fibre) fermented by the microflora (MacFarlane and Cummings, 1991; Sunvold et al., 1995) . An optimal ratio of fermentable to non-fermentable fibres is essential to maintain a good colonic ecosystem as well as to maximize faecal quality.
Influence of fermentable fibre level on faecal quality according to size Different fermentable fibre sources can be used in pet food to maintain the colonic mucosa in good health.
(i) Fructo-oligosaccharides (FOS) are very highly fermentable fibre (90-100%; internal data), which are particularly interesting to stimulate fermentative activity (Barry et al., 2010) , as well as to promote beneficial intestinal microflora (Barry et al., 2010; Kanakupt et al., 2011) . Table 2 Influence of the fibre source and quantity on faecal score and % optimal score (mean AE SD) in SB-dogs (seven Westies) and LB-dogs (seven German shepherds). Faecal quality was scored from 1 (diarrhea) to 5 (hard and dry stools), a four score representing an optimal score (well-formed stools) The values with different letters on the same column and in the same parameter are significantly different (p < 0.05). The based diets in the above three trials were different and contained different fibre sources: The diet with 0% FOS contained beet pulp and cellulose, the diet with 0% beet pulp contained FOS and cellulose and the diet with 0% cellulose contained FOS and beet pulp.
(ii) Beet pulp presents the advantage to be moderately fermentable (19-25%; internal data). Thus, its use limits fermentative activity while maintaining healthy gastrointestinal mucosa. Digestibility trials performed on adult GSh (internal studies; 7-day adaptation and 7-day faecal collection periods; n = 7) showed that their stool quality decreases when those fermentable fibre sources increase. With only 1.5% FOS, nearly 20% of GSh produced unacceptable stools. The same trend was observed when the percentage of beet pulp increased up to 7.5%. FOS and beet pulp must therefore be used with caution in LB-dogs' diet.
Contrastingly, digestibility trials performed on adult West Highland terriers (internal studies; 7-day adaptation and 7-day faecal collection periods; n = 7) showed that SB-dogs tolerate higher levels of fermentable fibre: with 7.5% of beet pulp, 98% of the stools were judged 'optimal' and no unacceptable stool was produced when fed 1.5% FOS ( Table 2) .
Influence of non-fermentable fibre level on faecal quality according to size
In petfood, non-fermentable fibre is mostly provided by cereals and its by-products but purified cellulose is also common.
Digestibility trials showed that LB-dogs reacted positively to the inclusion of increasing amounts of cellulose. When dietary cellulose was increased from 0% up to 4.5%, optimal faeces of GSh increased from 40% to 70% and unacceptable stools dropped from 9 to 1% (internal studies) (Table 2) .
When the same trial was performed on SB-dogs (West Highland terriers), more than 40% of stools were too hard and dry when fed 4.5% cellulose. The first signs of constipation were observed at cellulose levels as low as 1.5%.
In summary, given the differences in colonic fermentative activity between SB and LB-dogs, the ratio between fermentable and non-fermentable fibre has to be different. Fermentative activities need to be promoted in SB-dogs but not in LB-dogs.
Conclusion
This review confirms that both large and small-breed dogs present digestive peculiarities that must be taken into account in the formulation of their diets and in order to maximize faecal quality. In large dogs, high intestinal and colonic permeabilities, prolonged colonic transit and large caecum size compared with smaller dogs are elements that promote colonic fermentation and soft stools. Therefore, when designing a formula to improve their faecal score, any ingredients that could increase residues and uncontrolled fermentation should be avoided. For SB-dogs, the general objective is to avoid any ingredient that could limit colonic fermentation and induce constipation.
Whatever the dog size, proteins sources must be highly digestible. The higher the protein level in the diet, the more important this criterion is. Today, the use of vegetable proteins allows access to protein sources of a very regular composition and of a highly digestible nature (Riaz, 2011) .
Starch sources and forms play a crucial role: purified sources (i.e. refined flours) are highly digestible and more relevant for LB-dogs. On the contrary, purified starch is not suitable for SB-dogs as it promotes constipation. In those latter dogs, cereals flours are preferred.
High fibre diets will be well tolerated by LB-dogs, provided that the fibre is mainly non-fermentable (i.e. cellulose). Incorporation of elevated quantities of fermentable fibre sources (i.e. beet pulp and especially FOS) can deteriorate their faecal quality. On the contrary, SB-dogs tolerate high levels of fermentable fibres. In those breeds, non-fermentable fibre should be provided by cereals rather than by purified cellulose.
